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Abstract. Magnetism of a misfit layered cobaltite [Ca2Co4/3Cu2/304]^^[Co02] (x ~ 
0.62, RS denotes a rocksalt-type block) was investigated by a positive muon spin 
rotation and relaxation (/i+SR) experiment. A transition to an incommensurate (IC) 
spin density wave (SDW) state was found below 180 K {— T™); and a clear oscillation 
due to a static internal magnetic field was observed below 140 K (= Tc). Furthermore, 
an anisotropic behavior of the zero-field /x+SR experiment indicated that the IC-SDW 
propagates in the a-b plane, with oscillating moments directed along the c axis. These 
results were quite similar to those for the related compound [Ca2Co03]o^|2[Co02], i.e., 
Ca3Co409. Since the IC-SDW field in [Ca2Co4/3Cu2/304]Q^|2[Co02] was approximately 
same to those in pure and doped [Ca2Co03]J^|2[Co02], it was concluded that the IC- 
SDW exist in the [C0O2] planes. 
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1. Introduction 

Layered cobaltites are investigated eagerly because of their structural and compositional 
variety and also their good thermoelectric properties. At present, the following three 
groups of cobaltites are known to be good thermoelectrics, because they display metallic 
conductivities as well as high thermoelectric powers S, for reasons which are currently 
not fully understood. A sodium cobaltite, Naa;Co02, was the first compound reported 
as a good thermoelectric material [1, 2, 3]. Then, the finding of [Ca2Co03]J)''|2[Co02] 
[4, 5, 6], and then [Sr2Bi2_yPbj,04]^^[Co02] [7, 8, 9], followed [14], where RS denotes 
a rocksalt-typc block. All share a common structural component, the C0O2 planes, in 
which a two-dimensional-triangular lattice of Co ions is formed by a network of edge- 
sharing CoOg octahedra. Charge carrier transport in these cobaltites is thought to be 
restricted mainly to the C0O2 planes, as in the case of the CUO2 planes for the high-Tc 
cuprates. 

Recent positive muon spin rotation and relaxation (//+SR) experiments on 
[Ca2Co03]^|2[Co02] [10, 11, 12, 13] indicated the existence of an incommensurate (IC) 
spin density wave (SDW) state below 100 K, which was not detected previously by 
other magnetic measurements [5, 6, 10]. The latter two experiments suggested that a 
long-range IC-SDW order completed below ~ 30 K, while a short-range order appeared 
below 100 K[12, 13]. Since the p(T) curve exhibits a broad minimum around 80 K 
[5, 6, 10], the behavior of conduction electrons is found to be strongly affected even by 
their short-range magnetic order. 

A new thermoelectric layered cobaltite [Ca2Co4/3Cu2/304]^g2[Co02] was found 
recently [14] ; the crystal structure consists of alternating layers of the quadruple rocksalt- 
type [Ca2Co4/3Cu2/304] subsystem and the single Cdl2-type [C0O2] subsystem stacked 
along the c axis. There is a misfit between these subsystems along the 6-axis, similar 
to the case of [Ca2Co03]|j';|2[Co02] [5, 6]. Polycrystalhne [Ca2Co4/3Cu2/304]J|';|2[Co02] 
samples have values of thermopower S = 150 fiVK^^ and resistivity p =15 mQcra at 
300 K [14]. As a result, their thermoelectric power factor (= S'^p~^) is ~ 20% larger than 
that of polycrystalhne [Ca2Co03]^g2[Co02] samples. Since the p{T) curve exhibited a 
broad minimum and the S{T) curve a broad maximum around 130 K, there seems 
to exist a transition from a high-temperature metallic to a low-temperature insulator 
state around 130 K. On the other hand, susceptibility (x) measurements indicate no 
anomalies around 130 K, although x showed a small change at ~ 80 K. 

Therefore, yu."'"SR experiments on [Ca2Co4/3Cu2/304]^|2[Co02] are also expected 
to provide crucial information on the correlation between magnetism and transport 
properties in the layered cobaltites. Furthermore, such experiment is significant to 
clarify the universal behavior of magnetism in thermoelectric layered cobaltites. Here, 
we report both weak (~ 100 Oe) transverse-field (wTF-) /x"^SR and zero field (ZF-) //+SR 
measurements for a c axis aligned [Ca2Co4/3Cu2/304]^|2[C'o02] sample at temperatures 
below 300 K. The former method is sensitive to local magnetic order via the shift 
of the /i'^ spin precession frequency and the enhanced /i'^ spin relaxation, while ZF- 
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/i+SR is sensitive to weak local magnetic [dis] order in samples exhibiting quasi-static 
paramagnetic moments. 

2. Experiment 

A c-axis aligned polycrystalline [Ca2Co4/3Cu2/304]^g2[Co02] plate (~ 15 x 10 x 2 mm^) 
was synthesized by a reactive templated grain growth technique [15]. In addition, c-axis 
aligned cobaltites with the triple rocksalt-type subsystem, i.e., [Ca2Co03]^|2[Co02] and 
[Cai.8Mo.2Co03]^^[Co02] (M = Sr, Y and Bi) plates were prepared for comparison. 
Then, the c-aligned plates were annealed at 450 °C for 12 hours in an oxygen flow. 
Powder X-ray diffraction (XRD) studies indicated that all the samples were single phase 
with a monoclinic structure and almost 100% aligned along the c axis. The preparation 
and characterization of these samples were described in detail elsewhere [16]. 

Magnetic susceptibility (%) was measured using a superconducting quantum 
interference device (SQUID) magnetometer (mpms. Quantum Design) in a magnetic 
field of less than 55 kOe. The /x'*"SR experiments were performed on the M15 or 
M20 surface muon beam hues at TRIUMF. The experimental setup and techniques are 
described elsewhere [17]. 

3. Results 

3.1. lCa2Co^/^Cu2,^0^]^l^[Co02] 

Figures 1(a) and 1(b) show the temperature dependences of x and for the c-aligned 
[Ca2Co4/3Cu2/304]^g2[C*3C)2] Sample. In order to determine anisotropy, the magnetic 
field H was applied parallel or perpendicular to the ah plane. Hereby, we abbreviate % 
obtained with H±ab as Xc and H/ /ah as Xa&, respectively. The Xc{T) curve in a zero-field 
coohng (ZFC) mode exhibits a cusp at ~ 85 K; also, a clear thermal hysteresis is seen 
between the data obtained in a ZFC mode and a field cooling (PC) mode. On the other 
hand, as T decreases, Xah decreases monotonically with increasing slope (dXab^/dT"), 
although there is a small anomaly at ~ 85 K, probably due to a misalignment between 
the sample axis and H . Nevertheless, the magnetization (M) — H curve did not show a 
clear loop even at 5 K. These results suggest that [Ca2Co4/3Cu2/304]^|2[C'o02] undergoes 
a magnetic transition to either a ferrimagnetic or a spin glass state at 80 K with the 
easiest magnetization direction parallel to the c-axis. It is worth noting that there are 
no marked anomalies in Figure 1 except for the cusp in the XciT) at ~ 85 K. 

The wTF-//+SR spectra in a magnetic field of if ~ 100 Oe in the c-aligned 
[Ca2Co4/3Cu2/304]^g2[Co02] Sample exhibit a clear reduction of the ji^ precession 
amphtude below 200 K. The wTF-yU+SR spectrum below 200 K was well fitted in the 
time domain with a combination of a slowly relaxing precessing signal and two non- 
oscillatory signals, one fast and the other slow relaxing: 

Ao P{t) = Apara exp(-Apara^) COs{u^t + 0) 
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Figure 1. Temperature dependences of (a) susceptibility x ^'^d (b) X ^ foi' c-aligned 

[Ca2C04/3Cu2/304]^|2[C002]. 



+ Aslow exp(-Asiow^), (1) 

where Aq is the initial asymmetry, P(i) is the muon spin polarization function, lo^ is 
the muon Larmor frequency, is the initial phase of the precession and An and A„ (n 
= para, fast and slow) are the asymmetries and exponential relaxation rates of the three 
signals. The latter two signals (n = fast and slow) have finite amplitudes below ~ 180 K. 

Figures 2(a) - 2(d) show the temperature dependences of Apara, Apara, An [n = 
fast and slow) and A„ in the c-aligned [Ca2Co4/3Cu2/304]^|2[Co02] sample. The large 
decrease in Ap^ra below 180 K (and the accompanying increase in Apara) indicate the 
existence of a magnetic transition with an onset temperature ~ 180 K, a transition 
width AT ~ 40 K and an endpoint T^^^ ~ 140 K, respectively. Since Apara is roughly 
proportional to the volume of a paramagnetic phase, this result (Apara ~ below T^'^'^) 
suggests that almost all the sample changes into a magnetically ordered state below 
140 K. 

Figure 3 shows ZF-/i"'"SR time spectra at 2.1 K in the c-aligned sample; the top 
spectrum was obtained with the initial fi^ spin direction S ^(0) perpendicular to the c- 
axis and the bottom one with S ^(0) || c. A clear oscillation due to quasi-static internal 
fields is observed only when S ^(0) _L c. This oscillating spectrum is reasonably well 
fitted with a combination of two zeroth-order Bessel functions of the first kind Jq (for 
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Figure 2. Temperature dependences of (a) Apara, (b) Apara, (c) An and (d) A„ (n = 
fast and slow) in c-aligned [Ca2Co4/3Cu2/304]^|2[Co02]. The data were obtained by 
fitting the wTF-/i+SR spectra using equation (1). 



the IC-SDW)[17, 18, 19] and an exponential relaxation function: 

AoP{t) = A^^^^ Muj^it) exp(-AsDwit) 
+ ^SDW2 M^fi2t) exp(-AsDW2^) 

+ Ap exp(-AFt) (2) 

ujf, = 27ri/^ = 7^ i^int (3) 

where Aq is the empirical maximum muon decay asymmetry, Asdwi, ^sdw2 and Af are 
the asymmetries and Asdwi, Asdw2 and Ai are the exponential relaxation rates associated 
with the three signals. Also, uj^ is the muon precession frequency in the characteristic 
local magnetic field H\„t due to an IC-SDW and 7^ is muon gyromagnetic ratio. The 
two Bessel functions in equation (2) indicate that there are two inequivalent muon sites 
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Figure 3. ZF-/i+SR time spectra of the c-aligned [Ca2Co4/3Cu2/304]o^|2[Co02] plate 
at 2.1 K. The configurations of the sample and the muon beam are (top) S^(0) _L c 
and (bottom) S^(0) || c, where S^(0) indicates the initial muon spin direction. 



in the [Ca2Co4/3Cu2/304]|^g2[Co02] lattice, because the three signals have a finite value 
below 140 K. Due to some broadening of the IC-SDW field distribution, the two Bessel 
functions exhibit an exponential damping. 

We therefore conclude that [Ca2Co4/3Cu2/304]^g2[Co02] undergoes a magnetic 
transition from a paramagnetic state to an IC-SDW state, similar to the case of 
[Ca2Co03]^g2[Co02]. [10, 11, 13] The absence of a clear oscillation in the bottom 
spectrum of Figure 3 indicates that the internal magnetic field is roughly parallel 
to the c axis [13], since the muon spins do not precess in a parallel magnetic field. The 
IC-SDW is unlikely to propagate along the c axis due both to the two-dimensionality 
and to the misfit between the two subsystems. The IC-SDW is therefore considered to 
propagate in the a-h plane, with oscillating moments directed along the c axis. 

In the [Ca2Co4/3Cu2/304] subsystem, 1/3 of the Co sites are randomly substituted 
by Cu [14]. This means that 2 or 3 of the eight of the first nearest neighboring Co ions 
are replaced by Cu for each Co ion in the [Ca2Co4/3Cu2/304] subsystem. Nevertheless, 
a clear precession was observed in the ZF-/i+SR spectrum below 140 K. In addition, 
the precession frequency (~ 60 MHz) at zero temperature is almost the same as to 
[Ca2Co03]^g2[C'o02] (~ 56 MHz). Since the long-range order of the Co moments in the 
[Ca2Co4/3Cu2/304] subsystem should be strongly hindered by Cu, it is concluded that 
the IC-SDW exists not in the [Ca2Co4/3Cu2/304] subsystem but in the [C0O2] plane. 

Figures 4(a) - 4(c) show the temperature dependences of An {n = SDWl, SDW2 
and F), {n = I and 2) and A„ {n = SDWl, SDW2 and F). It is clearly seen that 
the signal associated with the SDWl is the predominant one among the three signals. 
The volume fraction of the signal from the SDWl is estimated as ~ 100% at 2.1 K. 
This suggests that almost all the fi~^ are bound to the oxygen ions in the [C0O2] plane, 
with only at the very small portion in the [Ca2Co4/3Cu2/304] subsystem. Therefore, we 
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Figure 4. Temperature dependences of (a) An {n = SDWl, SDW2 and F), (b) 
(n = 1 and 2) and (c) A„ (n = SDWl, SDW2 and F) for the c-aligned 
[Ca2Co4/3Cu2/304]o;62[C'o02]. The data was obtained by fitting of the ZF-^u+SR time 
spectra using equation (2). 



consider the signal of the SDWl and ignore the contribution from the other signals. 

Figures 5(a) - 5(d) show the temperature dependences of Asdwi, ^ni, Asdwi, and 
in-plane resistivity (pab)- In particular, Asdwi increases monotonically with decreasing 
T from 140 K, although Apara obtained by the wTF-/i+SR measurement exhibits a rapid 
decrease below 200 K and levels off to almost below 140 K (sec Figure 5(a)). This 
suggests that a long-range IC-SDW order completes below ~ 140 K (= Tsdw), while a 
short-range order appears below 200 K (= Tg^yy), as in the case of [Ca2Co03]^g2[Co02] 
[12, 13]. Actually, this is in good agreement with the temperature dependence of 
pab'i that is, Pab{T) is metaUic above 140 K and semiconducting below 140 K. On the 
other hand, there was no clear anomahes around 140 K in the x(T') curve (see Fig. 1) 
probably due to effects of the grain boundaries, a possible inhomogeneous distribution 
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Figure 5. Temperature dependences of (a) Asdwi, (b) ly^i, (c) Asdwi, and (d) in- 
plane resistivity (pab) for the c-aligned [Ca2Co4/3Cu2/304]o;|2[Co02]. In Figure 5(a), 

^para obtained by the wTF-/i+SR experiment is also shown for comparison. The solid 
line in Figure 5(b) represents the temperature dependence of the BCS gap energy. 
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Figure 6. Temperature dependences of u^i for the c-aligned 

[Ca2Co4/3Cu2/304]o |2[Co02] and c-aligncd pure and doped [Ca2Co03]Q;|2[Co02]. 
The dotted Unes represent the temperature dependence of the BCS gap energy. 



of the cations and oxygen ion, and magnetic anisotropy. Indeed, the x(^) curve for 
the [Ca2Co03]^g2[Co02] single crystals exhibited a clear but small maximum at 27 K 
indicating the formation of the IC-SDW order only when H \\ c[13], whereas those for 
the c-aligned and random polycrystalline samples did not. Therefore, if a large single 
crystal of [Ca2Co4/3Cu2/304]^|2[C'o02] is available, its Xc{T) curve would also have an 
anomaly around 140 K. 

The curve is well explained by the energy gap function in the BCS weak- 

coupling theory (see Figure 5(b)), as expected for the IC-SDW state [20]. As seen in 
Figure 5(c), Asdwi seems to increase monotonically with decreasing T. The exponential 
damping of the IC-SDW oscillation is most hkely to be caused by the misfit between 
the [Ca2Co4/3Cu2/304] and the [C0O2] subsystem along the b axis. Since we used 
the c-aligned sample for the current ZF-zi+SR measurements, the result obtained with 
S^(0) ± c is the average information along the a and b axis. Thus, the anisotropic IC 
modulation in the a — b plane is considered to be the origin of the broadening of the 
IC-SDW field distribution at the /x"*" sites. 

3.2. Pure and Sr, Y and Bi doped [Ca2Co02.]^l2[Co02] 

Similar anisotropic ZF-z^+SR spectra were also observed for the c-aligned 
[Ca2Co03]^|2[Co02] below ~ 30 K [13], and the ZF-^x+SR time spectra with "^^(0) ± c 
were well fitted using the Bessel function, Asdwi </o('-^/ii^)exp(AsDwi)- 

Figure 6 shows the t'^i(T) curve for the c-aligned pure and doped 
[Ca2Co03]J^g2[Co02] and [Ca2Co4/3Cu2/304]Qf2[Co02] samples. The data were obtained 
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Table 1. Internal magnetic field determined by /x+SR and the corresponding magnetic 
moment at the Co site in the [C0O2] plane estimated by equation (4). The values of 
c^Co-o in the rocksalt-typc subsystem are 0.213-0.230 nm in [Ca2Co4/3Cu2/304][21] 
and 0.179-0.228 nm in [Ca2Co03][22]. 



cobaltite 


[Ca2C04/3Cu2/304]^|2[C002] 


[Ca2C003]|^l2[C002] 


i^^,i{0 K) (MHz) 


63.9 


55.5 


ifint (kOc) 


4.71 


4.08 


rfco-O in [C0O2] (nm) 


0.184 


0.197 


rrid (mb) 


3.2 


3.3 



by fitting the ZF-/X+SR time spectra with "^/^(O) _L c using equation (2). All the tem- 
perature dependences of v^i for the c-aligned layered cobaltites are well fitted by the 
BCS weak-coupling theory. It should be noted that all the samples show approximately 
the same precession frequency at zero temperature, although the transition temper- 
atures are different from 27 to ~140 K; i.e., Tsdw = 27 K for [Ca3Co03]^|2[Co02], 
~ 45 K for [Cai.8Sro.2Co03]^^[Co02], ~ 80 K for [Cai.sYo.sCoOsJ^SiCoOs] and 
[Cai.8Bio.2Co03]^^[Co02] and ~ 140 K for [Ca2Co4/3Cu2/304]J^i2[Co02]. This suggests 
that the local magnetic field ifint(0 K) is independent of both dopant and the number of 
layers in the rocksalt-type subsystem, if we assume that the muon sites are essentially 
the same in all these compounds. This supports the conclusion that the IC-SDW exists 
not in the rocksalt-type subsystem but in the [C0O2] plane and, as a result, the sites 
are considered to be the vicinity of the O ions in the [C0O2] plane. 

4. Discussion 

4.1. IC-SDW.- common to all the (good thermoelectric) cobaltites ? 

Although the possible /x"*" sites are bound to the oxygen ions in the [C0O2] plane and 
the two inequivalent oxygen ions in the [Ca2Co4/3Cu2/304] subsystem, the /x+ sites are 
most likely to the vicinity of the O ions in the [C0O2] plane. We, therefore, calculate the 
dipole field at the O ions in the [C0O2] plane at first. The bond length d of Co-0 in the 
[C0O2] plane is 0.184 nm in [Ca2Co4/3Cu2/304]^g2[Co02] [21], whereas it is 0.197 nm in 
[Ca2Co03]J^g2[Co02] [22]. A simple estimate of dipole field from one ion is given by; 

where is the dipole moment of the Co ions in the IC-SDW state and //q is the 
permeability of free space. Using the above d values and the observed i^int, we estimate 
md = 3.2 /iB for [Ca2Co4/3Cu2/304]J^g2[Co02] and 3.3 /xb for [Ca2Co03]J^|2[Co02] (see 
Table 1). If we ignore the effect of the distortion of the CoOg octahedra in the [C0O2] 
plane, the number of the nearest neighboring Co ions for the O ion is three [14]; 
hence, the ordered Co moment in the IC-SDW state is therefore roughly estimated as 
~ 1.1 Hb/Co ion for both compounds. This is in good agreement with the amplitude of 
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the IC-SDW estimated by the mean field theory (~ 0.86 //b/Co ion) [10]. Here, it should 
be noted that the muon locates probably ~0.1 nm away from the oxygen ions, and that 
there is no space for it in the CoOe octahedra in the [C0O2] plane as in the case for 
the high-Tc cuprates[19]. Thus, the accuracy of the above estimation is very limited; 
i.e., md=0.3-11.7 /^b for [Ca2Co4/3Cu2/304]^i2[Co02], if dco-fi = 0.184 ± 0.1 nm. In 
order to determine the /x"*" sites, both further experiments on the layered cobaltites and 
a theoretical research are necessary. 

There are two Co sites in the [Ca2Co4/3Cu2/304]^|2[Co02] lattice. Thus, it is 
difficult to determine the Co valence in the [C0O2] plane by a x measurement or a 
chemical titration technique alone. Here, we assume that the magnitude of ^S" depends 
on the concentration y of Co^"*" ions in the [C0O2] plane as [23] ; 



where /cb is the Boltzmann constant, e is the elementary charge and gs and g4 are the 
multiplying numbers of the spin configurations of Co^"*" and Co'^^, respectively. Since 
the electron configurations of both Co^"*" and Co"^"*" are in the low-spin state (tg^ and 
t%) [5, 6, 10, 24, 8], ^3=1 and ^4=6. Then, using the value of ,5(300 K) ~ 150 //VK-^ 
we obtain y ~ 0.51, i.e. the average valence of the Co ions in the [C0O2] plane is 
+3.51. This indicates that almost the same amounts of Co^"*" and Co^"^ coexist in the 
[C0O2] plane. In other words, the Co spin (S=l/2) occupies about half of the sites 
of the two-dimensional-triangular lattice of Co ions. This is significant to achieve the 
IC-SDW long-range order in the triangular lattice. In addition, the average Co moment 
is calculated as ~ 0.86 ^^/Co ion, which is consistent with the value estimated above. 

It is worth noting that /i^ sites are bound to the O ions in the [C0O2] plane. This 
means that the /x^ feel mainly the magnetic field in the [C0O2] plane. Thus, the IC- 
SDW is most unlikely to be caused by the misfit between the two subsystems, but to 
be an intrinsic behavior of the [C0O2] plane. Indeed, the recent //"'"SR experiments 
on [Na]a;[Co02], which consist of the alternating stack of Na and [C0O2] planes, also 
indicate the existence of a commensurate SDW or a ferrimagnetic state below 22 K for 
[Na]o.75[Co02] [25] and an IC-SDW state below 19 K for [Na]o.9[Co02] [26]. Therefore, 
it is concluded that the IC-SDW state is a common behavior for the layered cobaltites, 
although the magnitude of Tsdw depends on the Co valence in the [C0O2] plane and 
the structure of the subsystem sandwiched by the two [C0O2] planes (see Figure 6). 

The IC-SDW order in the two layered cobaltites is assigned to be a spin (S=l/2) 
order on the two-dimensional triangular lattice (i.e. the C0O2 plane) at non-half filling. 
Such a problem was investigated by several workers using the Hubbard model within a 
mean field approximation [28, 29, 30]; 



where q^(cjo.) creates (destroys) an electron with spin a on site i, rijo- = cJ^Qo- is the 
number operator, t is the nearest-neighbor hopping amplitude and U is the Hubbard 




(5) 



-t y: 4 



(6) 



<ij>a 
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on-site repulsion. The electron filling n is defined as n = {l/2N)Y:^ni, where N is the 
total number of sites. 

At T=0 and n=0.5 {i.e., the average valence of the Co ions in the [C0O2] plane 
is +4), as U increased from 0, the system is paramagnetic metal up to ~ 3.97, 
and changes into a metal with a spiral IC-SDW, and then aXU/t ^ 5.27, a first-order 
metal-insulator transition occurs [28]. Also the calculations predict that [29, 30], as 
n increases from 0, the magnitude oi U/t at the boundary between the paramagnetic 
and SDW phases decreases with increasing slope {d{U / 1) / dn) up to n—0.75. Even for 
U/t—0, the SDW phase is stable at n—0.75. U/t increases with further increasing n, 
with decreasing slope. In other words, at n=0.75 (i.e. the average valence of the Co 
ions in the [C0O2] plane is -1-3.5), a spiral IC-SDW state is expected to appear at the 
highest temperature in the n range between 0.5 and 1 [29]. 

The value of n is estimated as 0.74 for [Ca2Co4/3Cu2/304][j';|2[Co02] and 0.715, 0.70, 
0.73 and 0.73 for pure, Sr-, Y-, and Bi-doped [Ca2Co03]J^|2[Co02] respectively, using 
eq. (5) and 5(300 K). Therefore, the fact that Tgow for [Ca2Co4/3Cu2/304]J^i2[Co02] 
is higher than those for pure and doped [Ca2Co03]^g2[Co02] (see Figure 6) is 
roughly explained by the model calculations, if we ignore the data for Sr-doped 
[Ca2Co03]^^2[Co02]. 

Also, it should be pointed out that the increased two-dimensionality induced by 
the increase in the interlayer distance between C0O2 planes plays a significant role to 
increase Tsdw- This is because Tsdw for [Ca2Co4/3Cu2/304]^|2[C''^C)2] is considerably 
higher than those for pure and doped [Ca2Co03]|^|2[Co02]. Here, we repeat the 
prediction of the model calculations. That is, the SDW phase is stable at n=0.75 even 
for U/t=0; this means that, on the ideal two-dimensional triangular lattice at n=0.75, 
the SDW spin structure appears at temperatures below its melting point. Indeed, the 
large observed transition width (60 K) are consistent with enhanced two-dimensionality 
and resulting spin fluctuations. Therefore, not only the shift of n towards the optimal 
value (0.75) but also the enhanced two-dimensionality are considered to increase Tsdw 
for [Ca2Co4/3Cu2/304]J;^i2[Co02]. 

Since the magnitude of u^i indicates the amplitude of the IC-SDW directly, 
there arc two predominant factors for u^i. That is, the magnitude and direction of 
the Co spin in the [C0O2] plane. The former is a constant at low temperatures, 
because the spin configurations for Co^+ and Co^+ ions (S=0 and 1/2) are not 
affected by both dopant and the number of layers in the rocksalt-type subsystem. 
The latter is a function of magnetic anisotropy in the lattice. Here the magnetic 
anisotropy in [Ca2Co4/3Cu2/304]^g2[C'o02] is most likely to be equivalent to that in 
[Ca2Co03][^g2[CoC)2] due to similar environment around the [C0O2] plane in the two 
cobaltites. That is, the first and second nearest adjacent plane for the [C0O2] plane are 
the Ca-0 and (Co2/3Cui/3)-0 or Co-0 plane in the rocksalt-type subsystem, although 
the third nearest plane is different for the two cobaltites. Therefore, f^i(0 K) is 
considered to be approximately same for all the cobaltites investigated here (see Fig. 6). 
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4-2. The anomaly at ^ 85 K in the susceptibility 

The x(T) curve exhibits a clear anomaly at ~ 85 K, while the results of both wTF-//+SR 
and ZF-/i+SR do not (see Figures 2, 4 and 5). On the other hand, there is no marked 
anomaly at 140 - 200 K in the x(^) curve (see Figure 1), although /z+SR detects the 
formation of the IC-SDW state. This is quite similar to the case for [Ca2Co03]^g2[Co02]; 
where according to the /x"'"SR experiments, it was found that the short-range IC-SDW 
order appeared below ~ 100 K and the long-range order completed below 27 K, 
whereas the x{T) curve below 300 K only exhibited a ferrimagnetic transition at 19 K 
[10, 11, 12, 13]. 

The structures of the IC-SDW of both compounds are considered to be essentially the 
same, as discussed above. For [Ca2Co03]^g2[Co02], the IC-SDW is induced by ordering 
of the Co moments in the [C0O2] plane, whereas the ferrimagnetic ordering arises 
because of the interlayer couphng between the Co spins in the [C0O2] and [Ca2Co03] 
subsystems [12, 13]. 

As seen in Figure 5(b), the microscopic internal IC-SDW field docs not change 
around 85 K. Furthermore, the extremely small value of the asymmetry of the 
exponential relaxation function Af, even at 2.1 K, (sec Figure 5(a)) suggests that the 
anomaly at ~ 85 K is not a transition to a spin-glass state [18, 19, 27]. Therefore, the 
anomaly at ~ 85 K is most likely caused by some order between the two subsystems, 
i.e., the [Ca2Co4/3Cu2/304] and the [C0O2]. The interlayer coupling between both 
subsystems is expected to be basically antiferromagnetic (AF), because there was no 
clear M — H loop even at 5 K. In other words, a two-dimensional AF (IC-SDW) order 
of the Co spins completes at 140 K, whereas a three-dimensional AF order occurs below 
~ 85 K. 

The [Ca2Co4/3Cu2/304] subsystem consists of two Ca-0 planes and two 
(Co2/3Cui/3)-0 planes; so that, the two (Co2/3Cui/3)-0 planes arc sandwiched by the 
two Ca-0 planes. Considering the fact that 1/3 of the Co ions are replaced by Cu 
ions and that the thickness of the rocksalt-type subsystem increases due to the extra 
(Co2/3Cui/3)-0 plane, the coupling along the c-axis for [Ca2Co4/3Cu2/304]^g2[Co02] is 
rather weak compared with that for [Ca2Co03]^|2[Co02]. This weak coupling is likely 
to be a significant factor for the thermal hysteresis of the x{T) curve. That is, the 
IC-SDW in each [C0O2] plane is considered to be moved by the external magnetic field 
(- 10 kOe) at 85 - 140 K, but fixed below ~ 85 K. 

5. Summary 

In order to elucidate the magnetism in 'good' thermoelectric layered cobaltites, //+SR 
spectroscopy has been used on a c-ahgned polycrystaUine [Ca2Co4/3Cu2/304]^g2[Co02] 
sample at temperatures below 300 K. It was found that [Ca2Co4/3Cu2/304]^g2[Co02] 
exhibits a transition at around 140 K from a paramagnetic to an incommensurate spin 
density wave IC-SDW state, although a short-range order appears below ~ 180 K. 
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By comparison with the /i+SR results on pure and doped [Ca2Co03]^|2[C'o02], the 
IC-SDW appears to be common behavior for these cobaltites. The characteristic features 
of the IC-SDW are as follows; 

(i) A long-range IC-SDW order completes below Tsdw, while a short-range order is 
observed at 40 - 60 K higher than Tsdw with a transition width AT = 40 - 60 K. 

(ii) The IC-SDW propagates in the a-b plane, with oscillating moments directed along 

the c axis. 

(iii) The IC-SDW exists not in the rocksalt-type subsystem but in the [C0O2] plane. 

The magnitude of Tsdw is found to be sensitive both to the Co valence in the [C0O2] 
plane, i.e., the occupancy of the Co spin {S=l/2) in the triangular lattice, and to the 
structure of the subsystem sandwiched by the two [C0O2] planes. Therefore, physical 
properties of the layered cobaltites should be investigated systematically as functions of 
the Co valence in the [C0O2] plane and the distance between the two adjacent [C0O2] 
planes. 
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